A comparison of northern and southern hemispheric paleotemperature profiles suggests that the Bölling-Alleröd Interstadial, Younger Dryas stadial, and subsequent Preboreal warming which occurred at the end of the last ice age were characterized by temperatures that changed synchronously in various parts of the world, implying that these climatic oscillations were produced by significant changes in the Earth's energy balance. These globally coordinated oscillations are not easily explained by ocean current mechanisms such as bistable flipping of ocean deep-water production or regional temperature changes involving the NW/SE migration of the North Atlantic polar front. They also are not accounted for by Earth orbital changes in seasonality or by increases in atmospheric CO 2 or CH 4 . On the other hand, evidence of an elevated cosmic ray flux and of a major interstellar dust incursion around 15,800 years B.P.
Introduction
Climatic profiles from various parts of the world have been found to register synchronous climatic changes. Mörner (1973) has described evidence of correlated climatic fluctuations occurring during the past 35,000 years in Northern hemisphere climatic profiles and has concluded that they must have been global in extent. LaViolette (1983 LaViolette ( , 1987 LaViolette ( , 1990 later conducted an interhemispheric study which compared profiles from the British Isles (Atkinson et al., 1987) , North Atlantic (Ruddiman et al., 1977) , Gulf of Mexico (Leventer et al., 1983) , and Southern Chile (Heusser and Streeter, 1980) and concluded that the Bölling-Alleröd/Younger Dryas (B/AL/YD) climatic oscillation occurred synchronously in both northern and southern hemispheres with the Bölling-Alleröd marking a period of global warming. Dansgaard, White, and Johnsen (1989) have compared oxygen isotope (δ 18 O) dated profiles from the Greenland Dye 3 ice core and a sediment core from Lake Gerzen, Switzerland and have shown that climatic oscillations during the B/AL/YD closely track one another in both cores. Also, Kudrass et al. (1992) have shown evidence of the B/AL/YD climatic oscillation in radiocarbon dated sediment cores from the Sulu Sea of Southeast Asia and note that it occurred contemporaneously with the B/AL/YD oscillation detected in a North Atlantic core. They note that the Younger Dryas cold period is recorded in radiocarbon dated cores from many parts of the world (e.g., Gulf of Mexico, North Pacific Ocean, Argentina, equatorial Atlantic, Bengal Fan) and conclude that it must be regarded as a global phenomenon.
To further evaluate the possibility that climate has varied in a globally synchronous manner over relatively short intervals of time, this paper compares dated climatic profiles from various parts of the world that span the Termination I boundary at the close of the last ice age. This boundary was chosen as the focus for this study because of the greater availability of well-dated, high-sampledensity climatic profiles spanning this period. When considered together, these data indicate that climate at distant parts of the globe varied in a synchronous manner and imply that the Earth's thermal energy balance underwent major changes at the end of the ice age, and possibly on earlier occasions as well. Various mechanisms are examined to see whether any can account for such abrupt geographically coherent climatic changes.
Hemispheric Synchrony of the Terminal Pleistocene Climatic Oscillation

Land and Sea Climatic Profiles
Climate at the end of the last glaciation did not proceed irreversibly toward interglacial warmth, but rather was characterized by a sequence of interstadial-stadial oscillations (see Table I ). The B/AL/YD climatic oscillation is apparent in radiocarbon dated climatic profiles from both Northern Atkinson et al., 1987 ) is compared to pollen profiles from: (b) the El Abra Corridor, Colombia (after Schreve-Brinkman, 1978) , c) central Brazil (after Ledru, 1993) , and d)
Alerce, Chile (after Heusser & Streeter, 1980) . and Southern Hemispheres (see Figure 1 ). The British Isles Coleopteran beetle profile (52° N, 2°W
), shown in Figure 1 -a, is time-calibrated with 49 radiocarbon dates (after Attkinson et al., 1987) and correlates well with the annual-layer-dated GISP 2 Greenland Summit ice core profile. The pollen diagrams from Colombia (5° S, 74° W), Central Brazil (19° S, 46.8° W), and Alerce, Chile (41.4° S, 72.9° W), Figures 1-b, -c, and -d (after Schreve-Brinkman, 1978; Ledru, 1993; Heusser and Streeter, 1980) , are controlled by 20, 10, and 13 radiocarbon dates respectively. A comparison of these profiles indicates that this climatic oscillation was contemporaneous in these diverse locales. Climate in both hemispheres became unusually warm from 14.75 k to 12.95 k calendar years before 2000 (cal yrs b2k), equivalent to the period from 12.6 to 11.0 14 C kyrs b2k; see Table   II for 14 C date conversions. During this period temperatures reached levels typical of the present interglacial, but cooled again to glacial levels during the Younger Dryas 12.95 to 11.65 cal kyrs 
______________________________
The conversions of radiocarbon dates to calendar dates given in Table  II are based on the radiocarbon chronology developed for the Cariaco Basin varved sediment core (Huygens, 2000 (Huygens, , 2004 . The conversions for dates earlier than 20,000 14 C yrs B.P., are based on Fairbanks, et al.(2005) .
b2k (11 k to 10.1 14 C kyrs b2k). This cold period was then ended by the abrupt onset of the Preboreal warming which commenced the Holocene. Understandably, the ages for the climatic zone boundaries at a given site have some degree of error due to the uncertainty of up to several hundred years in any given radiocarbon date. Nevertheless, this uncertainty is small when compared with the relatively long duration of the B/AL warming (2000 cal. yrs) and YD cooling (1300 cal. yrs).
This same warming, cooling, and final rewarming is registered in ocean cores from different parts of the world. It is registered in the north in sediment core Troll 3.1 (60.8° N, 3.7° E) which plots foraminifera abundance in the Norwegian Sea as an indicator of sea-surface temperature; see Figure 2 -a (after Lehman and Keigwin, 1992) . It is also seen in Figure 2 -b in a foraminifera profile from the Gulf of Mexico (21.0° N, 94.1° W) which charts the ratio of the warm water species
Globorotalia menardii to the cold water species Globorotalia Inflata (after Beard, 1973) . Again this oscillation is evident in Figure 2 -c in the 14 C dated foraminifera temperature profile SU 81-18 from the southeast coast of Portugal (37.8° N, 10.2° W) (after Bard et al., 1989) as well as in foraminifera δ 18 O profiles from cores penetrated in the India-Indochina equatorial region. These include a core from the Arabian Sea (15.5° N, 72.6° E), the Sulu Sea core indicates that sea-surface temperatures changed by about 2 to 3°C, comparable to the glacial-interglacial temperature difference for this region (Kudrass et al., 1991) .
In addition, the Younger Dryas cooling event has been detected outside of the Europe/North
Atlantic region in a number of other studies: in the Gulf of Mexico (Flower and Kennett, 1990) , in 1 Ocean core 14 C dates are typically revised by -440 years to bring them into conformance with land 14 C dates, thereby correcting for the time lag involved in the entry of atmospheric 14 C-laden CO 2 into the oceans. The standard correction was applied to 14 C dates obtained for the profiles from Portugal and the Sulu Sea (Figure 2 -b & -c) . However, in the case of the Norwegian Sea core (Figure 2-a) , a correction of -840 years must be applied in order to bring the 14 C dates for its climatic horizons into conformance with dates for similar horizons observed in the British Isles Coleopteron profile located less than 1000 km away. The reason why radiocarbon dates at this northerly ocean location would require 400 years additional correction is unclear, but may be due to the influx of old atmospheric CO 2 from gases disolved in the incoming glacial meltwater and a lower rate of influx of young atmospheric CO 2 due to the presence of sea ice and a lid of low salinity water. a) foraminifera abundance in Norwegian Sea core Troll 3.1 (Lehman and Keigwin, 1992) , b) foraminifera ratio in Gulf of Mexico core 64-A-9-42 (Beard, 1973) , c) foraminifera temperature profile SU 81-18 from the southeast coast of Portugal (Bard et al., 1989) , d) δ 18 O profile from Arabian Sea core MD 76-131 (Van Campo, 1986 ), e) δ 18 O profile from Sulu Sea core SO49-82KL (Kudrass et al. 1991) , and f) δ 18 O profile from Bay of Bengal core MD 13-36 (Duplessy et al., 1981) .
South America (Burrows, 1979; Harvey, 1980; Heusser and Rabassa, 1987; Heusser, 1984; Moore, 1981; Van der Hammen et al., 1981; Wright, 1984) , Africa (Coetzee, 1967; Scott, 1982) , in East Asia (Fuji, 1982) , and in New Zealand (Burrows, 1979; Denton and Handy, 1994; Ivy-Ochs et al., 1999) . Together, this evidence suggests that the Younger Dryas, and the Bölling-Alleröd interstadial that immediately preceded it, was of global extent.
The rapid onset and intensity of the Bölling-Alleröd global warming are not easily explained by terrestrial theories of climatic change. With the onset of the Bölling-Alleröd, winter temperatures in the British Isles increased by ~25°C and summer temperatures by 7 -8°C to levels typically found in that local today (Figure 1-a) . In southern Chile, summer temperatures warmed by 12°C, apparently reaching a level 7°C higher than the Holocene summer temperature mean. These warmings occurred at a time when the extensive continental ice sheet coverage kept the surface albedo of the glaciated regions about 50% higher than its present value (Budyko, 1974, pp. 279, 304) . So, considering the relatively unfavorable solar energy balance conditions which then prevailed, a spontaneous amelioration of the Earth's climate comes as somewhat of a surprise.
Whatever caused this global warming would have had to overcome this energy-balance handicap.
Evidence for the Bölling-Alleröd warming is also seen in the rapid melting of the ice sheets. The Scandinavian ice sheet began to recede rapidly northward at the onset of this interstadial, its recession rate reaching a maximum around 14,200 cal yrs B.P. and continuing at a somewhat lower rate through the Alleröd (Figure 3 , lower profile). Ice sheet recession rate dropped dramatically with the onset of the Younger Dryas stadial, but surged upward again when this cold period was ended by the Preboreal warming.
Meltwater discharge from the North American ice sheet also reached a high level during the Bölling-Alleröd interstadial, as indicated by the high rate of freshwater discharge into the Gulf of Mexico (Kennett and Shackleton, 1975; Emiliani et al., 1978; Leventer et al., 1982 Leventer et al., , 1983 . For example, the upper profile in Figure 3 (Broecker et al., 1989) . The shaded region, characterized by excessively negative δ 18 O values, indicates a time when the Mississippi River was rapidly discharging isotopically light glacial meltwater into the Gulf. The magnitude of the isotopic excess reflects the rate of meltwater discharge, which in turn depends upon the temperature environment in the vicinity of the North American ice sheet and the fluvial routing of the meltwater.
The Orca profile indicates that meltwater discharge into the Gulf ceased during the Younger Dryas, but resumed once again with the onset of the Preboreal warming. Ice sheet recession rate in Scandinavia underwent a similar decrease and resurgence about this same time. This correlated behavior suggests that glacial melting responded in a similar way on both sides of the Atlantic and as a response to the prevailing change in air and ocean temperature which was warm during the Bölling-Alleröd, cold during the Younger Dryas, and warm again during the Preboreal. A decrease in North American ice sheet meltwater output during the period 12,950 to 11,650 cal yrs b2k (11 -10.1 14 C kyrs b2k) is consistent with the global onset of the Younger Dryas cold interval. Evidence that this cold period occurred in the Gulf regions is seen in Figure 2 -e (Beard, 1973) and in the more accurately dated core EN32-PC4 (Flower and Kennett, 1990) . It also is consistent with similar changes in temperature and ice accumulation rate evident in Greenland ice cores (Dansgaard Broecker et al., 1989) . Shaded portion charts the rate of meltwater discharge into the Gulf of Mexico. Lower profile: ice sheet recession rate in southern Sweden based on data taken from Björck and Möller (1987) and Tauber (1970) . Climatic zones: Younger Dryas (YD), Alleröd (AL), and Bölling (BO). et al., 1982; Johnsen et al., 1992 , Taylor et al., 1993 .
One theory attributes the cessation of meltwater input into the Gulf during the Younger Dryas primarily to a diversion of the meltwater routing away from the Mississippi River and into the St.
Lawrence as the retreating ice sheet removed the glacial blockage of the eastern outlet of Lake Agassiz (Broecker et al., 1989) . This theory further suggests that discharge down the Mississippi again recommenced for a short period during the Preboreal when this eastern outlet was again blocked by the Marquette glacial advance. However, the finding that discharge into the Gulf ceased at a time when regional climate abruptly cooled and glacial melting halted and then recommenced at a time when regional climate abruptly warmed up again and glacial melting had begun again suggests an obvious cause-effect relation. While meltwater diversion must have played some role during this period, for the most part the Gulf record appears to be charting the melting rate response of the North American ice sheet to global changes in climate.
Times of maximal rate of sea level rise should be expected to correlate with periods of global warming. In fact, as seen in the Barbados coral reef record (Figure 4 ), the rate of sea level rise peaks during both the Bölling-Alleröd (meltwater pulse IA) and during the Preboreal (meltwater pulse IB). This suggests the ice sheets were collectively discharging meltwater at a maximal rate during these times and hence that these climatic ameliorations were not geographically localized. (Fairbanks, 1989) , revised according to the U-Th 14 C calibrations of Bard et al. (1990a Bard et al. ( , 1990b . Lower profile: ice sheet recession rate in southern Sweden. Climatic zones: Younger Dryas (YD), Alleröd (AL), and Bölling (BO).
The Barbados record also indicates that meltwater discharge rate was low during the Younger Dryas, thereby supporting the point made earlier that the Gulf of Mexico cessation event was largely due to a global cooling and not to a regional redirection of the Laurentide meltwater outflow to the St. Lawrence River.
Times when sea level was rising at a maximum rate (Figure 4 , IA and IB) match up quite well with times of high ice sheet recession rate evident in Scandinavia during the Bölling and Preboreal warm phases (Figure 3 , upper profile). Peak IA of the global meltwater discharge rate profile, which began its rise at around 14,400 cal yrs b2k and peaked around 14,000 cal yrs b2k, lagged by about 200 years compared to peak IA of the Scandinavian ice recession rate record. This lag suggests that the early stage of deglaciation was dominated by melting of the marine-based parts of the ice sheet, which contributed little to sea-level rise (see Veum et al., 1992) . A closer correlation is apparent with Meltwater pulse IB which began its rise at the beginning of the Preboreal around 11,650 cal yrs b2k and declined around 11,000 cal yrs b2k.
Climate profiles from the British Isles and southern Chile both record a minor warming event, prior to the Bölling, spanning the period 15,850 to 15,000 cal yrs b2k; compare Figures 1-a and 1-d. This correlates with the Susaca interstadial in Columbia (Dreimanis, 1966) . In the Great Lakes region it correlates with the Mackinaw (or Cary-Port Huron) interstadial (13.3 ± 0.4 k 14 C yrs B.P.) and with the earlier warm period that preceded the deposition of the Wentworth till. Although given different names in different regions, this "Pre-Bölling" interstadial appears to have been of global scope, although not nearly as intense as the Bölling-Alleröd.
The several hundred year long cool interval that separated this warm period from the Bölling, evident in the British Isles and Chilean records, correlates with the Luga stadial in the Baltic area (13.2 -13.0 k 14 C yrs B.P.) (Raukas and Serebryanny, 1972; Berglund, 1979) . In the Great lakes area, this cooling matches up with the Port Huron stadial, which dates at 13,000 ± 500 14 C yrs B.P. and divides the Mackinaw from the Two Creekan interstadial (Karrow, 1984; Dreimanis and Goldthwait, 1973) . Thus climatic oscillations occurring between 15,850 and 14,750 years ago (13.15 -12.6 k 14 C yrs b2k) also show evidence of transatlantic and interhemispheric correlation.
Ice Core Climatic Profiles
The Earth's polar ice record also contains evidence of globally correlated climatic changes. The B/AL/YD oscillation, for example, is synchronously registered in both the GISP2 Summit, Greenland and Taylor Dome, Antarctica ice core climate profiles; see upper two profiles in Figure   5 . Steig et al. (1998) measured atmospheric methane concentration from air bubbles trapped in the ice and used the observed rapid concentration changes as markers for correlating the two deuterium isotope climatic records. This matching showed that the climatic transition boundaries correlate closely in time amongst the two cores. Climate at the Taylor Dome site began to gradually warm during the preBolling interstadial and experienced a more rapid warming synchronous with the (Johnsen et al., 1972) correlated to the Greenland ice record by means of Be-10 peaks (Beer et al., 1992) . The CO 2 data is taken from Neftel et al. (1988) .
beginning of the Bölling also registered in the Summit, Greenland ice core profile. A cold spike at around 13.3 kyrs b2k at Taylor Dome is correlative with the Intra-Alleröd Cold Peak at Summit, Greenland. The subsequent Younger Dryas cool period is not as distinctive at Taylor Dome as it is at Summit. However, the sudden warming at around 11.7 kyrs b2k registered in the Taylor Dome core is correlative with the abrupt warming registered at Summit at the beginning of the Holocene.
Climatic synchrony is also evident between the Summit, Greenland and Byrd Station, Antarctica ice core isotope records; see Figure 5 . The isotope profile for the Byrd core (Johnsen et al., 1972) is dated according to the chronology of Beer et al. (1992) which they obtained by correlating distinctive 10 Be concentration peaks found in both the Byrd Station, Antarctic and Camp Century, Greenland isotope records, some peaks dating as early as 12 -20 kyrs BP. The Camp Century isotope profile, in turn, has been accurately dated through correlation with the annual layer dated Summit, Greenland isotope profile (Johnsen et al., 1992) Blunier, et al. (1998) that the ACR at Byrd Station had occurred 500 years prior to the Younger Dryas. Jouzel et al. (1992) have developed a chronology for the Vostok and Dome C Antarctic ice cores by using a two-dimensional flow model along with a saturation vapor pressure approach that they base on ice core isotope data. Their technique leads to less than a 3% error in dating the 35 kyrs BP Be-10 peak registered in each ice core. Although these chronologies predict differing dates for the beginning of the ACR (11.9 kyrs BP at Vostok and 13.4 kyrs BP at Dome C), they conclude that the apparent 1500 year phase lag they had originally calculated for the Vostok ACR is not real, but due to dating inaccuracy, and they note that the assumption of climatic synchrony has the advantage that the beginning of the "Holocene" dust concentration minimum in each core is made contemporaneous. Jouzel et al. adopt the Dome C date of 13.45 kyrs b2k as the correct date for the beginning of the ACR., which corresponds closely with 13.35 kyrs b2k date for the beginning of the ACR at Byrd Station and for the beginning of the Intra-Allerod cold peak at Summit, Greenland. This synchrony is corroborated by the findings of Mulvaney et al. (2000) .
Using Ca concentration to synchronize the Taylor Dome and Dome C ice core isotope profiles, they argue that at least the ACR feature occurred synchronously at both locations, hence that climate in various parts of Antarctica changed in a synchronous manner.
Problems with the Argument for Asynchronous Climatic Change
Others have concluded that climatic changes were asynchronous among different parts of Antarctica and also between Antarctica and Greenland. For example, Blunier et al. (1998) have derived a different time scale for the Byrd and Vostok ice cores by pegging their profiles to the annual-layer-dated Summit profile using excursions of atmospheric methane as inter-core markers.
From this they conclude that the ACR began around 13.85 kyrs b2k at Byrd Station, 500 years prior to the Intra-Alleröd Cold Peak in Summit, Greenland, but that the ACR at Vostok began around 15.05 kyrs b2k, 1200 years prior to their date for the Byrd Station ACR. Thus Blunier et al. propose that climate at Vostok cooled and then warmed up again, that 1200 years later climate at Byrd Station (about 4000 km away) similarly cooled and then warmed up, and that 500 years later climate at Taylor Dome (about 2700 km from Byrd Station) similarly cooled and then warmed up again. This would require some sort of exotic refrigeration mechanism proceeding at Vostok while the ice age was in the process of ending at Byrd Station, and that later was capable of cooling Byrd Station while the ice age was in the process of ending at Taylor Dome. Even greater age discrepancies are projected for the Bölling deglacial warming, being professed to begin in Vostok and Byrd Station around 17,000 to 18,000 years b2k and to begin at Taylor Dome about 3000 years later at 14,500 years b2k.
In reporting their finding that the Taylor Dome Antarctic core registers the AL/BO/YD oscillation in synchrony with the north, Steig et al. (1998) also adopt the chronology of Blunier et al. (1998) with its implication that the deglacial warming at the Byrd and Vostok sites was asynchronous and that it preceded the climatic warming in Greenland. Steig et al. Moreover since these three sites lie within 3000 kilometers of one another, it does not make sense that they were climatically isolated from one another and registered asynchronous changes.
Just as the isotope profiles of the Dye 3, Summit, and Camp Century, Greenland sites, which lie within 1500 km of each other, have been shown to register synchronous climatic changes (Johnsen et al., 1992) , so too these various Antarctic sites should have been exposed to similar climatic conditions. But the chronology of Blunier et al. implies that the Byrd and Vostok sites had been experiencing near interglacial warmth for more than 1000 years while the Taylor Dome site had been maintaining full glacial conditions. Instead, it is far more likely that these phase lags are artifacts arising from inaccuracies in the ice core chronologies.
The technique of using methane concentration for correlating ice cores has the inherent uncertainty that the difference in age between the sampled air bubbles and their surrounding ice matrix (∆ age ) is not a known measured quantity. The magnitude of this difference depends on the estimated rate of ice accumulation and on the estimated depth at which air became sealed off into bubbles when the firn compacted to form ice. The estimate of this seal-off depth can vary depending on a number of factors. The calculations, which must be done separately for each ice core, are model dependent and highly assumption laden.
In view of the land and ocean core evidence reviewed earlier which indicates synchronous globally climatic change at the end of the last ice age, we are inclined to adopt the chronologies of Beer et al. (1992) and Jouzel et al. (1992) over that of Blunier et al. Combined with the findings of Steig et al. (1998) on the synchrony of deglaciation in Summit, Greenland and Taylor Dome, Antarctica, these various chronologies lead to the conclusion that the B/AL/YD climatic oscillation recorded in Greenland ice occurred synchronously with similar climatic changes registered in various parts of Antarctica and tracked climatic changes occurring in other northern and southern hemispheric regions. With the conclusion of climatic synchrony, the dating which Blunier propose for the Vostok, Dome C, and Byrd Station for the period 14.5 -19.5 kyrs BP would be made younger and would require that precipitation over this deglacial warming period was higher than they had supposed. However, this is entirely expected since ice accumulation rate is known to be high at times of warming.
The Apparent Inadequacy of Terrestrial Explanations
Amplified Fluctuations
The ice accumulation rate profile from the GISP2 Summit core indicates that the climatic warming from the Younger Dryas to the Preboreal occurred within a few years time and that the warming from the Older Dryas to the Bölling occurred almost as rapidly . At present there is no general consensus as to the cause of such abrupt climatic changes. Milankovitch precessional and nutational cycles have periods of the order of 20 to 40 thousand years and hence, by themselves, cannot account for the rapidity of the terminal Pleistocene climatic oscillations. It has been suggested that slowly varying changes in seasonality might bring the climatic system past a certain critical point where nonlinear positive-feedback processes encourage random fluctuations (e.g., weather noise) to rapidly grow in size and drive ice sheet area and global climate to a new stable equilibrium (North and Crowley, 1985) . However, since the climatic system incorporates negative feedback relationships which give it some degree of stability and tend to maintain it in a given climatic state, be it glacial or interglacial, destabilizing perturbations must exceed a certain critical size if they are to effect any large-scale change. Those that are too small in magnitude or duration will fail to change the system's prevailing climatic state. Weather noise probably belongs to this subcritical category.
Another point to consider is the global nature of the Bölling-Alleröd warming. Theories proposing that this was seeded from indigenous climatic fluctuation arising in a specific locale (e.g., in the North Atlantic) presuppose that it subsequently was rapidly communicated to other parts of the globe. For this to occur, positive-feedback processes would have to amplify the original perturbation sufficiently fast that the entropy-increasing tendency of geographic dispersal would be counteracted. But it is not clear what positive-feedback process could have operated on indigenous thermal fluctuations to warm climate around the world to the extent of increasing the rate of glacial melting by six fold within a matter of just a few hundred years, as occurred during the Bölling.
Moreover it is also not clear why this process would suddenly shut off and allow global climate to temporarily relapse back to a glacial mode, as had occurred with the onset of the Younger Dryas.
Instead, the circumstances call for a geographically diffuse mechanism capable of simultaneously affecting the energy balance of the entire planet.
CO 2 Greenhouse Warming
Seasonality changes produced by gradual Milankovitch orbital cycle variations may affect the Northern Hemisphere to some extent, but have little effect on the Southern Hemisphere. Hence they are unable to account for the hemispheric synchronism of glacial terminations (Manabe and Broccoli, 1985) .
It has been suggested that global synchrony might have been achieved through some kind of interhemispheric linking, such as changes in atmospheric CO 2 concentration (Corlis, 1982; Manabe and Broccoli, 1985; Johnson and Andrews, 1986) . However, by itself, CO 2 produces a relatively small greenhouse warming effect. For example, the Vostok ice core measurements of Barnola et al. (1987) show that at the end of the ice age CO 2 concentration rose by 25% from 195 ppm to 260 ppm. The increased IR opacity resulting from this rise would have produced a warming of only 0.4° C, contributing only 5% of the total 9° C temperature increase (Genthon et al., 1987) .
Moreover the Byrd ice core data indicates that CO 2 concentration continued to increase through the Younger Dryas, just the opposite of what would be expected if CO 2 played a critical role in modulating climate (see Figure 5 ). In summary, there is little evidence to suggest that the rise in atmospheric CO 2 concentration was the cause of the Termination I global warmings. Rather, the rise in atmospheric CO 2 was more likely a response to global warming, as the warming oceans released their dissolved gas to the atmosphere.
Compared with carbon dioxide, methane underwent a much larger percentage increase at the end of the ice age, doubling from about 360 ppb to 725 ppb, as determined from measurements of the Summit, Greenland ice core . However, since its absolute concentration is 1000 fold less than that of CO 2 , it is not a major contributor to greenhouse warming. Rather, its increase also is most likely a response to climatic change rather than an instigator, the rise in CH 4 concentration being attributed to the increased abundance of vegetation which is a major producer of this gas.
Deep-Ocean Circulation Broecker et al. (1985 Broecker et al. ( , 1988a Broecker et al. ( , 1989 Broecker et al. ( , 1990 have proposed that the abrupt warming registered in the North Atlantic around 14,750 cal yrs b2k was produced by a change in the rate of North Atlantic deep-water (NADW) production. This theory suggests that cool surface waters prevailing in the North Atlantic during the last ice age reduced the rate of evaporative loss there and thereby lowered the production rate of salty deep-water. This, in turn, would have caused the ocean-current "conveyor belt," which transports cold salty deep waters to the North Pacific and warm equatorial surface waters to the North Atlantic, to operate at a very minimal level. This would have cut off the supply of ocean heat feeding the Northern Atlantic atmosphere and, in so doing, would have helped to stabilize the prevailing glacial conditions. The theory goes on to suggest that the maximum seasonality (hot summers and cold winters) prevailing in northern latitudes toward the end of the last ice age increased evaporative loss and deep water production sufficiently to cause NADW production to rapidly flip to its high-flux interglacial mode. The warm equatorial water said to have been brought into the North Atlantic is theorized to have ameliorated climate in this region sufficiently to have induced the Bölling temperature rise. Furthermore, with the opening of the St.
Lawrence River drainage system, an increasing influx of low-salinity meltwater is theorized to have temporarily returned NADW production to its glacial mode and thereupon induced the Younger Dryas cooling.
However, studies of benthic foraminifera in the Atlantic suggest that NADW production did not flip to its interglacial high-flux mode until about 500 14 C years after the onset of the Bölling (Jansen and Veum, 1990; Veum et al., 1992; Charles and Fairbanks, 1992) . So, the onset of NADW production cannot be the agent that caused the rapid warming at the beginning of the Bölling.
Moreover, the finding that tropical surface waters warmed during the Bölling-Alleröd interstadial is problematic for the deep-water circulation theory given that the proposed renewal of NADW circulation would have removed a substantial amount of heat from the equatorial region.
For example, it is estimated that ocean currents presently transport northward about 1.4 X 10 15 watts of heat annually, which amounts to about 1% of the annual solar irradiance (Stommel, 1980; Berger, 1990) . All other things being equal, this heat removal should have decreased the temperature of equatorial surface waters, but, instead, an increase is seen (Figure 2 ). To adequately explain the Bölling-Alleröd and Preboreal global warmings what is needed is a mechanism that can rapidly increase the heat budget of the entire planet, as opposed to just redistributing the existing heat.
Moreover changes in NADW production also fail to explain the occurrence of the Younger Dryas. The Barbados sea-level profile indicates that the global rate of meltwater discharge was reduced during the Younger Dryas (Figure 4) . Presumably, the meltwater flow into the North Atlantic also was lower during this time despite the possible opening of the St. Lawrence discharge route (Fairbanks, 1989) . Thus NADW production is less likely to have shut down during that period. In fact, benthic evidence from the Norwegian Sea suggests that modern-type ocean circulation operated during the Younger Dryas (Veum et al., 1992) . Also, 13 C data from the North Atlantic indicates that NADW production fluctuated greatly during both the Bölling-Alleröd and Younger Dryas deglaciation phases with no evidence of an additional prolonged slowdown occurring during the Younger Dryas (Berger, 1990) . So the evidence rules against seeking a cause for the Younger Dryas in a thermohaline convection mechanism.
Moreover the carbon isotope record indicates a shut down of deep-water production during the Preboreal warming, a time when the rate of meltwater discharge to the oceans had reached a maximum (Berger, 1990; Boyle and Keigwin, 1987) . This is consistent with the theory that large influxes of low-salinity meltwater reduce NADW production. However, since less heat would have been advected to the North Atlantic, this shut down should have opposed the Preboreal warming, rather than promoted it. While NADW production attractors could very well play a role in stabilizing the Earth's climate in the glacial or interglacial mode, ocean circulation changes are unable to account for the abrupt onset of Termination I warmings and coolings which occurred in coordinated fashion in diverse parts of the globe.
Polar Front Migration
The climatic evidence presented earlier also does not support theories that attribute the Termination-I warming to geographically localized effects such as the NW-SE migration of the North Atlantic polar front discussed by various authors (Ruddiman et al., 1977; Ruddiman and McIntyre, 1981; Mercer and Palacios, 1977) . Such a regional mechanism would not account for the seemingly correlated oscillations in temperature and glacial wastage that occurred in various locations around the world, including the Indian/Indochinese tropics. Moreover the theory encounters difficulties in the North Atlantic as well. As Atkinson et al. (1987) 
point out, Great
Britain's climate began to cool as early as 12,200 ± 200 14 C yrs B.P., long before the cold waters of the polar front began to return to their southerly position.
A Possible Extraterrestrial Explanation
Galactic Cosmic Ray Volleys.
The dramatic climatic shifts that took place during the Pleistocene may have had an extraterrestrial cause. One indication comes from the occurrence of high 10 Be concentrations in ice age polar ice (Raisbeck et al., 1981 (Raisbeck et al., , 1987 Beer et al., 1984a Beer et al., , 1985 Beer et al., , 1988 Beer et al., , 1992 . Beryllium-10 is a 1.5 Myr half-life isotope generated when cosmic ray protons impact nitrogen and oxygen nuclei in the atmosphere. When polar ice 10 Be concentrations are adjusted for changes in ice accumulation rate to yield 10 Be deposition rate values, correlative with 10 Be production rate, such profiles can provide useful information that can help determine whether the cosmic ray background intensity has varied in the past. In fact, the 10 Be production rate profiles shown in Figures 6 and 7 suggest that the cosmic ray background intensity was quite high on several past occasions. Details of how the observed 10 Be concentration values were converted into atmospheric 10 Be production rates is presented in Appendix A. To estimate the unmodulated cosmic ray intensity striking the heliopause sheath, an additional adjustment must be made for solar magnetic screening which is dependent on the prevailing level of solar activity.
In an attempt to more conservatively explain these peaks as arising solely from terrestrial causes, some have suggested that they have been produced by variations of the geomagnetic field, suggesting that 10 Be production is higher when the geomagnetic field is at a minimum allowing an increased background cosmic ray flux to penetrate to the atmosphere. However, Beer et al. (1984b Beer et al. ( , 1988 find that the geomagnetic field has little effect on 10 Be variations. They report that 10 Be concentration in Camp Century, Greenland ice remained relatively constant between 0 and 4000 BC, despite a 40 percent decrease in geomagnetic dipole intensity. This is not surprising since the high energy cosmic rays responsible for 10 Be production are not easily screened by the Earth's magnetic field, especially in the polar regions. For example at 0° latitude about 20% of the energy flux of cosmic rays in the 3 to 10 Gev energy range would be screened. At 30° latitude, screening would drop to 10%, and at 77° latitude, where Camp Century is located, screening would be negligible. So if 10 Be deposited in polar ice originates in the local atmosphere, 10 Be variations found in polar ice records should be immune from variations in geomagnetic field intensity. Raisbeck et al. (1987) have suggested that some peaks in the 10 Be record could be local enhancements that resulted from changes in atmospheric flow patterns which may have locally concentrated the isotope. However, their proposal is countered by the work of Beer et al. (1992) who have found that at least two major peaks in the 10 Be record appear both in both the Greenland and Antarctic ice records and therefore reflect actual enhancements in the rate of atmospheric 10 Be production. For example, they find that the 40,000 year old 10 Be peak in the Vostok Antarctic ice core (at (600 m) also appears in the Dome C and Byrd Station Antarctic records (at 830 m and 1750 m) and in addition appears in the Camp Century, Greenland ice core (at ~1218 m log book depth). Also they have located a 10 Be peak in the Byrd core (at ~1500 m) which correlates with a similar peak located in the Camp Century core (at ~1190 m) dated here as 27 kyrs b2k according to the GICC05 ice chore chronology.
Interstellar cosmic rays more easily penetrate the heliopause magnetic sheath during times in the sunspot cycle when solar flare activity is at a minimum, thereby exposing the Earth to elevated cosmic ray intensities. For example, 10 Be production during recent Holocene solar flare minima was found to increase by up to 60% above its mean level (Beer et al., 1985) . However, solar modulation of this magnitude does not account for Pleistocene 10 Be peaks that often rise several times higher than this. For example, the cosmic ray intensity profile presented in Figure 6 , which Beer et al. (1987, p. 204; 1992, p. 145) The ice core's oxygen isotope ratio, and indicator of ambient temperature and glacial ice sheet size (courtesy of W. Dansgaard). The arrow indicates the AL/YD transition. b2k 10 Be peak and on several subsequent occasions through the end of the ice age. Evidence of very large radiocarbon anomalies during this period suggests the opposite, namely that solar flare activity was much higher than it is at present (see next subsection). In particular, the Bölling-Alleröd 10 Be production rate peak shown here may considerably underestimate the rise in the Galactic cosmic ray background due to the increased solar modulation occurring at that time. So we are led to conclude that the higher 10 Be peaks evident in the polar ice record register times when the background cosmic ray flux was particularly enhanced.
A variety of evidence indicates that the core of our Galaxy (Sgr A*), which lies 23,000 light years away, releases intense volleys of relativistic electrons about every 10 4 years or so, and that these fronts, or galactic superwaves, travel radially outward through the Galaxy with such minimal dispersion that at the time of their passage they are able to elevate the cosmic ray background energy density in the solar neighborhood as much as 10 2 to 10 4 fold above current levels. During such a superwave passage, Galactic cosmic ray electrons would become trapped in spiral orbits behind the bow shock front that surrounds the heliopause and would develop energy densities 10 5 fold higher than in interstellar space, reaching as high as 10 -4 ergs/cm 3 and producing temperatures high enough to vaporize frozen cometary debris that currently orbits the solar system. Galactic superwaves are sufficiently intense and prolonged that they would propel the resulting interstellar/nebular dust and gas into the solar system which would have had a substantial effect on the Earth-Sun climate system (LaViolette, 1983a (LaViolette, , 1987 (LaViolette, , 2003 .
Intense cosmic ray pulses from less massive stellar sources in the Galaxy such as Cygnus X-3 and Hercules X-1 are also known to maintain nondispersed configurations over distances of thousands of light years. For example, cosmic rays showering the Earth from Hercules X-1, which lies about 16,000 light years away, are known to cause a slight variation in the cosmic ray background intensity at 1.2357 second intervals in phase with the synchrotron radiation pulses from that source (Schwarzschild, 1988; Dingus et al., 1988; Lamb et al., 1988; Resvanis et al., 1988) . However, the cosmic ray showers arriving from these stellar sources are relatively minor when compared with the intensities that periodically radiate from the Galactic center.
The recurrent 10 Be peaks found in polar ice are likely records of times when fronts of Galactic cosmic ray electrons were passing through the solar vicinity. Currently, 10 Be is produced in the Earth's atmosphere almost entirely by cosmic ray protons, cosmic ray electrons currently making up only one percent of the total cosmic ray background. Moreover cosmic ray electrons are rather inefficient producers of 10 Be, their main means of production being mainly via high energy gamma ray secondaries generated during their passage through the atmosphere which would in turn have a comparatively small cross section for 10 Be production. So peaks that show a doubling or tripling of 10 Be above background levels could very well reflect a hundred fold rise of Galactic cosmic ray electron intensities above the proton background level.
A cosmic ray-climate connection of this sort could explain why 10 Be peaks occur at many of the major Pleistocene climatic boundaries, such as the particularly large peak that coincides with the Termination II boundary (Stage 5e/6) or the peaks that coincide with the transition from the Eemian interglacial to the semiglaciated Sangamon (Stage 5d/5e). Moderately high 10 Be peaks are also apparent in the Vostok and Byrd Station profiles at the Termination I boundary at around 16 to 12 cal kyrs b2k, confirming the prediction made earlier by LaViolette (1983a) that a relatively intense cosmic ray volley passed through the solar system about 15 to 11 thousand years ago. This terminal 10 Be event is better resolved in the Byrd Station 10 Be production rate profile (Figure 7) . 10 Be peaks are notably absent from the present interglacial, a period that appears to be unique for its long period of uniform climate. A minor 10 Be spike is seen in the Vostok record dating at around 5.3 kyrs b2k, and this is found to have been followed by a short period of cold weather. On the other hand, compared with this interglacial mean, the numerous peaks occurring during the last ice age (isotope stages 2 -4), raised the 10 Be production rate mean 50 percent higher and the peaks appearing during the semiglaciated Sangamon (isotope stages 5a -5d) raised the 10 Be mean 40 percent higher. So there appears to be a long-term correlation between climate and 10 Be production rate (i.e., 10 Be concentration adjusted for changes in accumulation rate). The previous interglacial (Stage 5e), like the Holocene, appears to have been free of large 10 Be peaks.
Supernova explosions cannot reasonably account for the recurrent 10 Be peaks evident in the polar ice record since sufficiently close supernovae occur very rarely, only about once every 10 8 years in the solar neighborhood. Nevertheless, Konstantinov, et al. (1990) and Sonett (1991) have proposed that 10 Be peaks dating at around 41 and 70 kyrs B.P. may have been produced by cosmic ray blast waves arriving from s nearby supernova explosion. Konstantinov et al. suggest that it was located about 180 ± 20 light years away. Sonett associates it with the explosion that formed the North Polar Spur and cites an explosion date of 75 kyrs B.P. (Davelaar et al., 1980) which presumes that the remnant achieved its rather large size (~370 light years) as a result of an unusually energetic explosion occurring in a very rarefied interstellar medium. However, others believe that this remnant is of a much older age, about 10 6 yrs (Heiles, 1980) . Its slow rate of expansion, presently 3 km/sec, and other evidence, suggest that the it is instead a very old reheated remnant that arose from a supernova explosion of average energy release occurring in a region of normal interstellar gas density (Borken and Iwan, 1977) . If this older age is valid, the North Polar Spur cosmic ray blast wave would have passed Earth hundreds of thousands of years earlier and hence its 10 Be signature would not be registered in the polar ice record.
Interstellar Dust Incursion
There is plenty of frozen material both in and around the solar system which could be vaporized and propelled into the inner solar system by a Galactic superwave. Observations of infrared excesses in nearby stars suggest that the solar system, like these other star systems, is surrounded by a light-absorbing dust shell, and may contain about 10 3 times more dust than had been previously supposed on the basis of IRAS observations of the zodiacal dust cloud (Aumann, 1988 ).
Other observations indicate that the Sun is presently passing through an interstellar cloud that appears to be a component of the outer shell of the North Polar Spur supernova remnant, the closest supernova remnant to the Sun (Frisch, 1981; Frisch and York, 1983) . So it is quite likely that the solar system has acquired this dust relatively recently, e.g., within the past several million years.
This ongoing encounter may be responsible for the long-period comets that periodically enter the solar system from directions within 5° -10° of the solar apex, the direction of the Sun's motion through the interstellar medium. Since the solar apex changes its orientation by about 1.5° per Myrs due to the Sun's motion around the Galactic center, it may be surmised that the Sun acquired these comets sometime within the past 3 to 6 million years (Clube and Napier, 1984) . This is comparable to the time span of the present glacial cycle sequence.
This proximal remnant may also be the source of the billion or more cometary masses estimated to be present in the Edgeworth-Kuiper belt that begins just beyond the orbit of Neptune and extends outward a hundred AU or more (Horgan, 1995) . In addition, Ulysses spacecraft observations have shown that an ecliptic ring of dust is present whose inner edge begins just outside the orbit of Saturn and which contains dust at a density 10 4 times higher than in the vicinity of the Earth (Landgraf, 2002) . Furthermore this dusty environment may explain why interstellar dust grains are currently entering the solar system and dominating the dust particle population outside the asteroid belt (Grün et al., 1993) .
This influx of interstellar dust would explain the alignment of the zodiacal dust cloud's ecliptic nodes. In 1984, the IRAS (InfraRed Astronomy Satellite) team noted that their observations confirmed earlier reports that zodiacal cloud is tilted about 3 degrees relative to the ecliptic with a descending ecliptic node at ecliptic longitude λ = 267± 4° (Hauser et al., 1984) . LaViolette (1987) concluded that the proximity of this nodal alignment to the Galactic center direction could be explained if dust forming the outer zodiacal cloud was of interstellar origin and had recently entered the solar system from that direction. He noted that this confirmed his earlier prediction that interstellar dust should have recently entered the solar system driven by a cosmic ray wind emanating from the Galactic center (LaViolette, 1983a) . In 1998, the Diffuse Infrared Background Experiment (DIRBE) team more accurately located the position of the zodiacal cloud's descending ecliptic node to lie at λ = 257.7 ± 0.6° (Kelsall, et al., 1998) . In galactic coordinates this is positioned at (l = 0.5± 0.6°, b = +10 ± 0.6°) and coincides with the Galaxy's zero longitude meridian; see point A in Figure 8 .
The 1993 Ulysses data which showed that a flux of interstellar dust was currently entering the solar system from the Galactic center direction confirmed the earlier prediction of LaViolette (1993) of recent interstellar dust entry based on the zodiacal ecliptic node position. In fact, (Witte, et al., 1993) reported that this dust influx was entering from the same direction as the 26 km sec -1 interstellar helium wind which they observed coming from the galactic direction (l = -0.2 ± 0.5°, b = +16.3 ± 0.5°). Not only does this direction lie within a few degrees of the ecliptic, it also coincides with the Galaxy's zero longitude meridian as does the zodiacal dust cloud node; see point B in Figure 8 . These interstellar gas and dust winds may be relics of more intense influxes driven by past cosmic ray superwaves emanating from the Galactic center (LaViolette, 1983a (LaViolette, , 1987 . The incident cosmic rays would magnetically couple a portion of their kinetic energy to electrically charged dust particles and gas ions driving this material forward. This same residual Galactic cosmic ray wind could explain why H 3 + ions have been detected in nearby diffuse interstellar clouds at concentrations much higher than expected (McCall, 2003) .
According to Ulysses measurements, the interstellar dust particles presently entering the solar system span the mass range 10 -15 -5 X 10 -12 g, or a size range 0.1 -1.5 mm, assuming a particle mass density of r ~ 3 g cm -3 . Unlike dust in the Earth's immediate vicinity, whose size distribution peaks at 200 to 400 mm (Hughes, 1975) , particles in this size range very effectively scatter and absorb solar radiation. So the possibility that large quantities of such interstellar dust may have entered the solar system in Earth's recent past should be a matter of concern from a climatological standpoint.
Evidence of Extraterrestrial Dust in the Polar Ice Record.
The unusually high concentrations of HF and HCl acids found in Byrd Station, Antarctic ice dating about 15.9 -15.8 kyrs b2k, may be residues from one such interstellar dust incursion.
Hammer , et al. (1997) note that it is difficult to explain these eight peaks as having a volcanic origin because the combined acid output which spans a period of about a century exceeds by 18 fold the largest volcanic signal observed in the Byrd ice core record and also because the recurrence of the events is unusually regular, a behavior that is not seen in volcanic eruptions. It has been shown that the peaks recur with an average period of 11.5 ± 2.4 years which matches the solar cycle period indicating that the deposited acids and their associated dust may be of interstellar origin (LaViolette (2005) . That is, the influx of interstellar dust would similarly vary in intensity according to the solar cycle period since its entry is modulated by the regularly changing orientation of the Sun's magnetic field. The entry of this material may have been associated with a Galactic superwave since, as seen in Figures 6 and 7 , this 15,900 years b2k acidity event coincided with a rise in the cosmic ray background intensity, an increase that persisted with some variation until the end of the ice age.
It is significant that this so called "Main Event" falls at the beginning of the Pleistocene deglaciation. The deposition of this acid bearing dust was followed by the 850 year long PreBölling interstadial warming. After a brief stadial this was followed by the Allerod-Bölling interstadial sequence. So, the discovery of a possible extraterrestrial origin of the Main Event suggests that the global warming that followed may have been extraterrestrially induced. a) destruction of the ozone layer due to the presence of interstellar halides allowing UV penetration, b) increase of the solar constant due to light backscattered from the zodiacal dust cloud, c) shift of the incident solar spectrum to the infrared resulting in greater absorption of the solar beam (reduced scattering from high albedo surfaces), and d) a major increase in the Sun's luminosity and activation of its photosphere and corona due to the dust's effect on the Sun (LaViolette, 1983a (LaViolette, , 2005 . There is evidence that solar flare activity was one to two orders of magnitude higher during this deglacial period (Zook, et al., 1977; Zook, 1980) . Searching the Main Event ice core horizon for the possible presence of cosmic dust indicators could further establish its extraterrestrial origin. However, elevated levels of cosmic dust have previously been reported in Camp Century, Greenland ice over the time period 39 to 79 thousand years b2k, dust samples being found to contain high concentrations of iridium and nickel in proportions similar to those found in extraterrestrial material; see Figure 9 , lower profile (LaViolette, 1983a (LaViolette, , 1983b (LaViolette, , 1985 . 2 Some of these ice age samples had Ir deposition rates 10 3 Figure 9 . Upper curve: Camp Century ice core oxygen isotope climatic profile (Dansgaard, personal communication, 1982) . Middle curve: cosmogenic beryllium concentration (after Beer et al., 1992) . Lower curve: iridium deposition rate for the Holocene (Takahashi, 1978) and the Wisconsin (LaViolette, 1983a (LaViolette, , 1985 , assuming ice accumulation rates of 38 and 15 cm yr -1 respectively. times greater than those reported by Takahashi et al. (1978) for recent Camp Century snows, implying that at certain times during the Wisconsin cosmic dust deposition rates were substantially higher than at present. Assuming that the Ir in the Wisconsin stage ice came from an interstellar dust source having an Ir composition similar to that found in carbonaceous chondrites, these measurements project an interstellar dust influx rate of up to 3 X 10 -6 g cm -2 yr -1 , implying that the near-Earth interplanetary dust concentration may have reached as high as 3 X 10 -20 g cm -3 , 150 fold higher than its present value. Including the unaccounted for fraction present as water would bring the concentration to a level comparable with what is projected for the Main Event dust incursion. Figure 9 compares the Camp Century Ir deposition rate data to the 10 Be concentration profile of Beer et al. (1992) . Due to gaps in the 10 Be data, it is possible to correlate only the youngest of the eight cosmic dust values (1215.1 m, ~38.7 kyrs b2k) with a 10 Be data point. This sample, which had the second highest Ir concentration of the eight samples, coincides with the latter part of a major 10 Be peak dated at the 40 kyrs b2k. Although this correspondence is consistent with the proposed cosmic-ray/cosmic-dust causal link, additional measurements of both Ir and 10 Be in ice age polar ice are needed in order to decide whether there is a clear connection.
Conclusion
Taken as a whole, the available paleoclimatological data suggest that, during the Termination I deglaciation, temperatures in many locations around the world underwent coordinated changes, with major warmings occurring during the Bölling-Allerod (14.75 -12.95 k cal yrs b2k) and Preboreal (11.65 -11.53 k cal yrs b2k) and with a more minor interstadial centered around 15.4 k cal yrs b2k. Available data suggests that these warmings were initiated neither by changes in atmospheric CO 2 concentration nor by a major alteration in the rate of North Atlantic deep-water production.
Moreover it is not clear whether these mechanisms are capable of producing warmings and coolings of the kind of magnitude, geographical extent, and abruptness observed at the Termination I boundary. Polar ocean front migrations and weather fluctuations also do not offer an adequate explanation.
Evidence that the solar system resides in a dust congested environs, of a current influx of interstellar dust, of acid residues in 15,850 year old polar ice bearing a solar cycle signature, of episodes of accelerated deposition of cosmogenic beryllium, Ir, and Ni during the Pleistocene, and of intense solar flare activity at the end of the ice age together suggest that the Termination I deglaciation, and other climatic transitions before it, may have been extraterrestrially induced.
Astronomical evidence suggests that intense volleys of Galactic cosmic rays periodically pass through the solar vicinity from the direction of the Galactic center, the most recent volley passing through toward the end of the last ice age. These prolonged cosmic ray assaults would have propelled interstellar dust and gas into the solar system at rates much higher than currently observed rates. This material could have activated the Sun, altered the intensity and spectrum of its radiation, and changed the Earth's stratospheric albedo. Depending on the relative weightings of these effects, this could have led either to rapid surface cooling and ice sheet advance or to rapid surface warming and ice sheet recession.
Such extraterrestrial disturbances could account for the abruptness and global coherence of climatic transitions observed in the terrestrial record. Moreover such short-period stochastic forcings could account for a large percentage of the variance in the Earth's ice volume record which is not explained by orbital cycle forcing. The intensity of these external perturbations and the prevailing terrestrial boundary conditions (e.g., ice sheet size, orbital parameter phase, atmospheric CO 2 concentration, and deep-water production rate) would together determine whether climate became either temporarily perturbed or flipped into a long-term glacial or interglacial mode. In particular, these terrestrial factors in combination could explain why the climatic system became stabilized in an interglacial mode following the Termination-I warming events.
Future ice core measurements charting the temporal variation of cosmic dust concentrations and their correlation with 10 Be and stable isotope variations should help to elucidate the connection between Galactic cosmic ray intensity, cosmic dust influx rate, solar activity, and climate.
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where a is the variable ice accumulation rate at Vostok given in Column 6 of Table A -I, ρ = 0.917 g/cm 3 is the density of ice, and k = 1.7 X 10 5 atoms/cm 2 /yr is the Holocene 10 Be production rate average used to normalize the product. Ice accumulation rates for Vostok (Table A- Calendar dates listed in column 1 were assigned to the Vostok ice core by correlating specific climatic features in the Vostok deuterium profile to climatic boundaries in the varve dated Cariaco Basin Gray Scale profile (Hughen, 2000) and to similar features in the NGRIP isotope profile dated according to the GICC05 ice core chronology (Svensson, 2006) . Dates for corresponding boundaries in the NGRIP ice core are listed in column (2). The GICC05 chronology for the period spanning the Eemian interglacial (Stage 6) is consistent with this chronology which adopts a duration of 15,000 years for the Eemian (1622 Eemian ( -1910 in accordance with the varve count studies of Muller (1974 Muller ( , 1978 ). An accumulation rate of 1.2 cm/yr has been assigned to ice core depths 354 to 570 meters on the assumption that 24 meters of ice are missing from the record in this interval due to melting. If this assumption is not made the accumulation rate calculates to an abnormally low value in this section.
Ice Accumulation Rate Adjustment for the Byrd Station, Antarctica 10 Be Data.
The 10 Be profile shown in Figure 7 was obtained by converting the 10 Be concentration values (C atoms/g) of Beer et al. (1992) into normalized 10 Be production rates (Φ atoms/cm 2 /yr) according to formula (1), where a is the variable ice accumulation rate at Byrd Station given in Column 7 of Table A-II, and k = 1.68 X 10 5 atoms/cm 2 /yr is the Holocene 10 Be production rate average used to normalize the product. Ice accumulation rates for Byrd Station (Table A -II, column 6) have been estimated throughout the core in the same fashion as for Vostok by the formula a = λ
• τ, where λ (column 4) is the estimated annual layer thickness of the ice (cm/year) calculated from the calendar dates (column 1) that have been assigned to various core depths (column 3) and where τ is the correction for plastic deformation of the ice sheet (column 5). Calendar dates were assigned to the Byrd ice core by correlating specific climatic features in the Byrd oxygen isotope profile to climatic boundaries in the varve dated Cariaco Basin Gray Scale profile and to similar features in the NGRIP isotope profile dated according to the GICC05 ice core chronology. (3, 4) The correction for plastic deformation of the ice sheet is calculated according to the linear relation τ = (2250/(2250 -d)), where 2250 is the height of the ice sheet on the assumption that during the last ice age the ice sheet was 210 meters thicker than it is at present, and d is the sample depth. For the Holocene the accumulation rate calculates as a = 12.4 cm/yr (for λ = 1093 m/11,620 years), which equals the present ice accumulation rate at Byrd Station. The depths given in column 3 are uncorrected log book depths for the Byrd core.
Ice Core Chronology and the Assumption of Synchronous Climatic Change
In correlating the Antarctic and Greenland ice core isotope profiles, we have assumed that major changes in climate occur contemporaneously in both the northern and southern hemispheres and hence that distinct climatic change boundaries evident in the NGRIP ice core may be matched up with similar boundaries in the Byrd Station and Vostok ice cores. The assumption that the Earth's climate warmed and cooled in a globally synchronous manner at the end of the last ice age is supported by evidence from dated land, sea, and ice climate profiles which show that the Bölling/Alleröd/Younger Dryas oscillation occurred synchronously in both northern and southern latitudes, reviewed above in Section 2. The chronology adopted here for the Byrd core is consistent with that of Beer et al. (1992) which was obtained by correlating distinctive 10 Be concentration peaks found in both the Byrd Station, Antarctica and Camp Century, Greenland isotope records, some peaks dating as early as 12 -20 kyrs BP. The Camp Century isotope profile, in turn, has been accurately dated through correlation with the annual layer dated Summit, Greenland isotope profile (Johnsen, et al., 1992) .
